and 384 Ma. This suggests that the volcanic activity in the area has extended for about 30 Ma, in a context of high regional heat flow as indicated by the geochemical signatures of the felsic volcanic rocks. The characteristics of magmatism and the depositional environment indicated by the sedimentary record should therefore have been highly favourable for massive sulphide formation. However, evidence of massive sulphide mineralization in the study area is still to be found. Moreover, reconstruction of the volcanic facies architecture demonstrated that the volcanic units in the Rosário area are strongly dominated by coherent facies typical of the inner part of thick lavas/domes. In fact, most of their external part, the more favourable location for possible massive sulphide mineralization, is missing. Palynological dating indicates a significant hiatus, recognised between the lower and upper sequences of the volcanic sedimentary complex, which implies erosion of the top of the volcanic centre, where VHMS deposits could possibly have formed. However, lateral areas of this volcanic centre, eventually preserved at depth, have good potential to host massive sulphide mineralization.
Introduction
The Iberian Pyrite Belt (IPB) consists of a sequence of volcanic and sedimentary rocks of upper Devonian to lower Carboniferous age, which hosts significant syngenetic massive sulphide deposits. This belt extends from near Seville in Spain to the Atlantic coast in Portugal, in the southwest of the Iberian Peninsula (Fig. 1) . The IPB belongs to the Iberian segment of the Variscan fold belt and is part of the South Portuguese zone, which was accreted to the Ossa-Morena zone, presently located to the north, during the late Paleozoic Variscan orogeny (Quesada et al. 1994) .
The IPB is known as one of the largest volcanogenic massive sulphide provinces in the world and includes giant deposits such as Aljustrel and Neves Corvo in Portugal and Rio Tinto and Tharsis in Spain, which are related to longlasting focused submarine hydrothermal systems (Carvalho et al. 1999; Tornos 2006) . Due to its high economic interest, the geology of the Neves Corvo deposit has been extensively studied and several publications address the geology and metallogeny of the deposit Pereira et al. 2003; Relvas 2000; Relvas et al. 2001 Relvas et al. , 2002 Relvas et al. , 2006a Rosa et al. 2008 Rosa et al. , 2010 . An agreement between LNEG, acting as the Portuguese Geological Survey and Lundin Mining, the parent to the Somincor company operating the Neves Corvo mine allowed a detailed study of the Rosário-Neves Corvo antiform which incorporates, in its SE termination, the Neves Corvo mine area (Fig. 1) . The main purpose of this study was focused on the recognition of the Neves Corvo mine stratigraphic succession across the entire antiform, the characterization of the dominant bimodal volcanism (Munhá 1983; Rosa et al. 2004) , volcanic facies, and their relationship to volcanic centres. It is in general accepted that the massive sulphide mineralization and associated hydrothermal alteration in the host rocks is closely related to volcanic centres. Having this in mind, it was expected that the identification of new volcanic centres would allow comparisons with the geology of the mine area and pinpointing of new targets for massive sulphide exploration. Insights were obtained through extensive mapping of the antiform and from physical volcanology, petrography, geochemistry, palynostratigraphy, and isotope geochronology studies, presented in this paper. The results obtained represent a contribution towards a better geological understanding of this important segment of the Portuguese part of the Iberian Pyrite Belt and add new information for future exploration activities.
Geological setting
Previous geological studies in the Rosário-Neves Corvo antiform (Leca et al. 1983; Oliveira et al. 2004 ). have identified two major IPB stratigraphic units, from base to top, the Phyllite-Quartzite Group (PQG) and the volcanic sedimentary complex (VSC). The VSC was considered to be overlain by the Mértola Formation (Mt), the lower unit of the Baixo Alentejo Flysch Group. As in most parts of the Pyrite Belt, the regional metamorphic grade in the study area is within the prehnite-pumpellyite facies (Munhá 1983) .
In the Neves Corvo mine region, at the SE termination of the Rosário-Neves Corvo antiform, the lithostratigraphic succession has been well established and dated ). However, this detailed stratigraphic succession was at the time restricted to the mine area and geological mapping by private companies to extend their identification across the antiform was unsuccessful. The detailed field mapping undertaken within the scope of the present work allowed the recognition of the stratigraphic succession of the Rosário-Neves Corvo antiform which is as follows, from base to top (Fig. 1) .
The Phyllite-Quartzite Group as documented by field mapping and drill core investigation incorporates a thick (>100 m) succession of laminated dark shales with siliceous lenses and nodules (the newly defined Barrancão member) that grades upward to the Phyllite-Quartzite Formation composed of shales, siltstones and quartz sandstones, in general showing a thickening upward lithological trend. The latter is overlain by a decametric thick shale band with interbedded limestone lenses and nodules, whose exposure is restricted to small outcrops close to the Monte do Forno da Cal farm. The Barrancão member shales yielded moderately preserved upper Famennian palynomorphs, whereas the shales interbedded in the upper part of the Phyllite-Quartzite Formation provided Strunian (latest Famennian) palynomorphs, and, conodont fossils, from the Monte Forno da Cal limestones, indicate an upper Famennian age (Boogard and Schermerhorn 1971) .
In the Neves Corvo mine area, Oliveira et al. (2004) identified local stratigraphic gaps within the VCS succession, the most significant of these corresponding to the absence of Tournaisian sedimentary rocks. This unconformity has now been confirmed for the entire antiform explaining the subdivision of the volcanic sedimentary complex into a lower sequence and an upper sequence. The lower volcanic sedimentary sequence encompasses, from base to top, mafic volcanic rocks (mostly diabases and spilites), felsic volcanic rocks (rhyolites and rhyodacites) and dark shales. The Neves-Corvo deposit (seven massive sulphide orebodies) only known at depth is associated to a black shale unit, called Neves Formation by Leca et al. (1983) , stratigraphically at the top of the lower sequence. Leca et al. (1983) assumed that this unit outcropped in the northern part of the mine region. Our detailed mapping and palynostratigraphic ages have shown that what has been mapped as Neves Formation is indeed part of the Barrancão member and of the Phyllite-Quartzite Formation. The thickness of the Lower VSC Sequence varies laterally depending on the volcanic facies distribution, reaching in places 300 m. Palynomorph fossils assigned derived from shales from this sequence provided upper Famennian (Strunian) age.
The Upper VSC Sequence is composed of the Grandaços Formation (dark shales with phosphate nodules, cherts and fine-grained volcanogenic sediments), the "Borra de Vinho" Fig. 1 Geological map of the Neves Corvo antiform at the Rosário area (LNEG for Lundin Mining, 2010) . Inset shows the location of the Iberian Pyrite Belt and the study area is outlined in black Formation (purple shales), the Godinho Formation (shales, siliceous shales and felsic volcaniclastic rocks), and the Brancanes Formation (composed of dark shales and thinbedded greywackes), which makes the transition to the Mértola Formation, both units having an upper Visean age given by palynomorphs and ammonoids dating. The upper sequence has a total thickness in excess of 300 m. At the Neves Corvo mine, this lithostratigraphic sequence has been dated as lower upper Visean . Direct evidence for the inferred hiatus between Lower and Upper VSC sequences was obtained at the road cut north of Rosário village.
The accurate stratigraphic position of the newly defined Ribeira de Cobres Formation (shales, siltstones and fine volcaniclastic rocks, up to 150 m thick) is uncertain since it is bounded by faults and no positive age determination was possible. This unit occurs below the Grandaços Formation (see Fig. 1 ) and is interpreted as representing a lateral facies variation to the grey siliceous and black shales of the Graça Formation (only identified in drill hole cores) which yielded palynomorphs of lower Visean age Pereira et al. 2008) .
From a structural point of view, the Rosário-Neves Corvo antiform is a gently SE-dipping Variscan structure with a SW vergence. NW trending folds embody the structure, with associated cleavage dipping 60-70°t o NE. This deformation is related to the second episode of Variscan folding, occurring throughout the Iberian Pyrite Belt. Underground, in the Neves Corvo mine, thrust sheets with a piggyback style also folded in large open folds during the second episode of folding were recognised ). Some of these thrust planes crop out at the SE termination of the NE limb of the antiform. Also in the NE limb and central part of the antiform, the Borra de Vinho and the Godinho formations area not represented. This gap appears to correspond to a disconformity between the Mértola Formation flysch succession and the underlying Grandaços Formation. NE-SW trending faults are very common and in the mine region they are interpreted by mine geologists as growth faults that were reactivated in late Variscan time.
Petrography of volcanic rocks
Samples were collected from outcrops and from the exploration boreholes indicated in Fig. 1 . Thin sections of 130 samples were subsequently prepared and inspected under the petrographic and metallographic microscopes. Four types of volcanic rocks basalt, dacite porphyry, rhyolite porphyry and rhyodacite microporphyry were distinguished on the basis of their mineralogy, textures and geochemical signatures (see next section).
The basalt displays an intersertal texture with randomly oriented plagioclase microliths in a chloritized groundmass, rich in iron oxides. This rock type contains mainly carbonate-filled vesicles. The three porphyry types are microcrystalline rocks with euhedral to subhedral feldspar and quartz phenocrysts, and can be distinguished on the basis of proportion and size of the phenocrysts. Samples with phenocrysts up to 7-10 % of the rock volume and with feldspar (1-3 mm) predominating over quartz (1-2 mm) were classified as dacites. In the rhyolite porphyry, the phenocryst population accounts for 15 % of the rock volume, with quartz predominating over feldspar phenocrysts, both in the 1-4 mm range size. Finally, in the rhyodacite microporphyry phenocrysts constitute 7-10 % of the rock volume, with quartz and feldspar phenocrysts occurring in similar proportions and size (1-2 mm). The feldspar phenocrysts are often altered to carbonates, epidote and sericite. The groundmass of the three porphyry types consists of finegrained sericite, quartz and feldspar and accessory chlorite, carbonate and epidote. Occasionally, the three types of porphyry are cut by quartz veins.
Geochemistry of volcanic rocks
Seventy samples were crushed in a tungsten alloy jaw crusher, pulverised in an agate ring mill and subsequently analysed for major elements and a suite of trace elements by inductively coupled plasma mass spectrometry (ICP/MS) following lithium metaborate/tetraborate fusion, at Actlabs (Ontario, Canada). Lithogeochemistry data for the more relevant elements are presented in Electronic supplementary material (ESM Table 2 ). These data allow the classification of the volcanic rocks within the calc-alkaline series, according to the Irvine and Baragar (1971) Fig. 1 ), as is common in the IPB. The analysed samples plot mostly in the rhyolite and rhyodacite/dacite fields as indicated in the alkali-silica diagram of Le Bas et al. (1986; ESM Fig. 2) and in the immobile element diagram of Winchester and Floyd (1977;  ESM Fig. 3 ). Only samples MD2-314.5, MD2-326, CP2-65 and MD3A classify as basalts. The bimodal nature of the volcanism, with predominance of felsic rocks over mafic rocks is consistent with what is generally reported for the IPB (Munhá 1983; Mitjavila et al. 1997) .
As previously reported for other areas of the IPB (e.g. Aljustrel (Dawson et al. 2001) , Albernôa (Rosa et al. 2004) , and Serra Branca (Rosa et al. 2006) ), binary plots of the felsic rocks analysed, using high-field strength elements show alteration lines that converge towards the origin, consistent with their relatively immobile behaviour (Fig. 2) . Based on the variation of the immobile element concentrations along the alteration lines, mass changes are estimated to have reached up to 40 %, likely as the result of the addition of silica and other mobile elements along fracture networks, or its addition to or removal from the vitreous matrix of hyaloclastic rocks. Despite the dispersion caused by fractionation trends, covariation between element pairs in each felsic rock type can be used to broadly discriminate the felsic rock types based on their element ratios (Fig. 3) . The least evolved felsic rock, the dacite porphyry has ratios of 70 < Al 2 O 3 /TiO 2 < 90 and 600 < Zr/TiO 2 < 900, while the rhyodacitic microporphyry and rhyolite porphyry have higher Al 2 O 3 /TiO 2 (>90) and Zr/TiO 2 (>900, often >1,000) ratios, respectively.
Most felsic rock samples plot in the within-plate field of Pearce et al. (1984) diagrams (Fig. 4) , which is consistent with the currently accepted model of IPB magmatism in a context of attenuated continental lithosphere within pullapart basins resulting from an oblique collision (Silva et al. 1990; Quesada 1991; Tornos et al. 2002) . In the Rosário-Neves Corvo antiform area, there is therefore an overall agreement between the petrographic features and the geochemical signatures of the felsic volcanic rocks analysed, and the geotectonic setting admitted for the IPB. This suggests that magmatic heat flow should have been comparatively higher than in other sectors of the belt, where low temperatures of crustal fusion have been proposed as an explanation for unexpectedly low concentrations of highfield strength elements in the felsic volcanic rocks formed there (Rosa et al. 2004 (Rosa et al. , 2006 .
The behaviour of mobile elements and how it relates to the alteration minerals formed was assessed using the alteration box plot of Large et al. (2001) . This graphic representation is based on the combination of the alteration index proposed by Ishikawa et al. (1976) and the chlorite-carbonate-pyrite index proposed by Large et al. (2001) . On plotting our data in this diagram, both a diagenetic and a hydrothermal trend are defined (Fig. 5) . The diagenetic trend, directed towards albite, is, according to these authors, typical of the interaction with seawater at low temperature (spilites and keratophyres). The hydrothermal trend, directed towards sericite, is typical of distal ore-related hydrothermal alteration. Hydrothermal trends indicative of proximal hydrothermal alteration patterns were not detected, in accordance with the general absence of mineralogical, petrographic or other geochemical evidence of proximal oreforming hydrothermal activity in the study area.
Physical volcanology
The reconstruction of the volcanic centres of the study area was carried out both resorting to facies analysis along creeks and roads where the VSC crops out with great continuity, and to relogging core from old exploration holes drilled in the Rosário-Neves Corvo antifom. The VSC comprises abundant felsic volcanic units, subordinate mafic units and relatively thick volcaniclastic units that are more abundant in the central and SE zones of the study area. The low metamorphic grade (prehnite-pumpellyite facies) and the thin-skinned tectonic style of the IPB allow the preservation of primary volcanic textures away from the principal shear zones.
In the Rosário-Neves Corvo antiform, the felsic units have rhyolitic, rhyodacitic and dacitic composition and are largely predominant over the mafic units. They were distinguished in the field, according to their phenocryst content and contact relationships with other volcanic and sedimentary units, and subsequently confirmed on the basis of their geochemical signatures (previous section). The felsic units comprise dominant coherent facies with minor autoclastic breccia at their margins, and occur as lavas and domes. This is the most common type of volcanoes throughout the IPB and may also comprise abundant and thick pyroclastic units (Rosa et al. 2010) .
The coherent facies typically define thick and laterally extensive intervals. Typical textures include even, continuous and planar flow bands (Fig. 6a ) that are parallel to the contacts of the volcanic units but locally show tight flow folds. Fig. 4 Geotectonic setting diagram of Pearce et al. (1984) . Only felsic rock samples (Large et al. 2001) Spherulites, lithophysaes and elongated quartz-filled amygdales are also abundant in the volcanic groundmass. The spherulites can be up to 2 cm across and are aligned along the flow bands (Fig. 6b) , whereas the lithophysaes can be up to 20 cm across and have a nucleus made of silica. Spherulites and lithophysaes are characteristic of high-temperature devitrification of glass (Lofgren 1971) and are typical of coherent facies that occur in the inner portions of lavas and domes.
The autoclastic facies are dominated by breccia intervals with variable thickness that occur at the contacts of the felsic units or more rarely in their inner parts, and grade to the coherent facies through intervals of discrete fractures. The clasts are angular, have planar and parallel margins, and range from 1 to 50 cm across (Fig. 6c) . The breccia intervals are typically clast-supported with few or no matrix between the angular clasts. The clast characteristics and the abundant flow foliation are consistent with clasts having formed by brittle fragmentation during flow of lavas or domes due to viscosity contrasts within the flows, and correspond to autobreccia. Other clasts are irregular, and have planar and curviplanar margins, which is typical of quench fragmentation and hyaloclastite (Pichler 1965) .
The lavas and domes are dominantly rhyodacitic. However, some rhyolitic and dacitic terms were also recognised, having distinct distribution and facies association within the study area. Dacitic units were identified in the Cobres creek and in core from boreholes MD2 (Fig. 7) and MT1. These units are relatively thin and have small volume, but their mode of emplacement was not reliably determined as the top contacts are poorly exposed. The rhyodacitic units are the most abundant and occur throughout the study area. These units are thick (up to 500 m), have great lateral extent and are dominated by coherent facies. Their top contacts with sedimentary units are generally sharp, or consist of a sediment-matrix igneous breccia (Rosa et al. 2013) with the spaces between the rhyodacitic clasts occupied by sediments. The rhyolitic units are thinner and less abundant than the rhyodacitic units and scatter throughout the study area. They typically have irregular and discordant contacts with enclosing rhyodacitic and sedimentary units that indicates they are intrusive.
In addition to the lavas and domes, abundant thick (up to 30 m), massive to normally graded and poorly sorted polymictic breccias occur throughout the area. These components are typically angular, vary from 0.5 to 20 cm long and have volcanic or sedimentary origin. The volcanic clasts have similar composition and textures to the rhyodacitic and rhyolitic units; however, aphyric clasts and fragments of quartz and feldspar phenocrysts are also present. Small black wispy elements are part of these units as well. They occur parallel to bedding and have uncertain composition due to their small size and strong flattening. These characteristics suggest they may have been originally dense glassy clasts, or pumice clasts, which in any case would favour their strong compaction compared with other clasts of crystalline groundmass. The sedimentary clasts are more abundant at the coarser lower part of the volcaniclastic units and consist of chert and shale.
The large volume of coherent facies and in situ autoclastic breccia of felsic units indicate a proximal setting to the volcanic centres. The fact that the volcanic clasts in the polymictic breccias have similar composition to the rhyodacitic and rhyolitic units suggests that the former were sourced from the felsic units. The dominantly massive and poorly sorted nature of the polymictic breccia units indicates they have not been subject to density sorting, suggesting they have been emplaced proximal to their source, defining volcaniclastic aprons at the margins of the volcanic centres (e.g. Rosa et al. 2010 ).
In the Rosário-Neves Corvo antiform, the basalts are less abundant than the felsic units but were recognised throughout the area, locally with significant thickness and lateral extent. The basalts typically define coherent intervals with minor clastic zones at the contacts. They occur at the base of the VCS sequence, immediately above the PQ Group, or at the top of the volcanic sequence, above the youngest felsic units (e.g., Maria Delgada Creek; see Fig. 1 ). In some cases, the basaltic units have irregular and discordant top contacts with the bedding of sedimentary units, which indicates they are intrusive, whereas in other cases they have a breccia at the contact, which grades to the overlying volcaniclastic units and indicates they are extrusive. 
Isotope geochronology

Analytical methods
Zircon grains were separated from selected samples using standard density and magnetic procedures at the University of Algarve (Portugal) and at the University of Oslo (Norway). These procedures included the crushing of samples in a jaw crusher, followed by sieving of the <425 μm fractions. The heavy minerals from these fine fractions were then separated using heteropolytungstate solution. Subsequently, the heavy mineral fraction was separated into fractions with different magnetic susceptibilities using a Frantz isodynamic separator. Finally, zircons were handpicked, under a binocular microscope, from the nonmagnetic fraction and mounted in epoxy and polished. Detailed imaging of each grain was carried out using cathodoluminescence and backscattered electron imaging using a JEOL JSM-6460LV scanning electron microscope. Special care was put into identifying inherited cores and limits between different generations of magmatic zircons to ensure that analysis did not include different domains.
U-Pb isotope analyses were performed using a NU Plasma HR multicollector ICP-MS at the Department of Geosciences, University of Oslo, which is equipped with a U-Pb collector block (Simonetti et al. 2005) . A New Wave/Merchantek LUV213 Nd:Yag laser microprobe was used. Samples were ablated in He (gas flow=1.0 l/min) in a specially Fig. 7 Simplified descriptive log of drill hole MD2, showing the location of the samples selected for U-Pb isotope geochronology built ablation cell. The He aerosol was mixed with Ar (gas flow=0.7 l/min) in a Teflon mixing cell prior to entry into the plasma. This gas mixture was optimised daily for maximum sensitivity. The laser beam was focussed in aperture imaging mode with a circular spot geometry; all analyses were made in static ablation mode. Masses 204, 206 and 207 were measured in secondary electron multipliers and 238 in the extra-high Faraday collector of the Nu Plasma U-Pb collector block.
235 U was calculated from the signal at mass 238 using a natural 238 U/ 235 U=137.88. Laser conditions were: beam diameter, 40 μm; pulse frequency, 10 Hz; beam energy density, ca. 0.06 J/cm 2 . A measurement procedure included a 30 s on peak background measurement with the laser turned off, followed by 60 s of ablation. Standard zircons GJ-01 (609 ± 1 Ma; Jackson et al. 2004 ) and 91500 (1065±1 Ma; Wiedenbeck et al. 1995) were used for calibration. These calibration standards were analysed in duplicate at the start and end of each analytical session, and at regular intervals throughout the day. Tl correction for Pb isotope mass discrimination in the plasma was not used. Mass number 204 was used as a monitor for common 204 Pb. In an ICP-MS analysis,
204
Hg originating from the argon supply contaminates mass 204, giving a background counting rate of ca. 1,000 cps. The contribution of 204 Hg from the plasma was eliminated by on-mass background measurement prior to each analysis. At the low laser energy used, there was no excess ionisation of 204 Hg from the gas supply during ablation, so that the onmass background measurement is representative for the conditions during analysis. When necessary, the observed signals at masses 206 and 207 were corrected for common 206 Pb and 207 Pb after integration of the signal, using observed 204 Pb and average common-lead composition given by the global lead evolution curve of Stacey and Kramers (1975) at the uncorrected 206 Pb/ 238 U age. Raw data from the Nu Plasma time-resolved analysis programme were imported into an in-house Microsoft Excel/ VBA spreadsheet programme (NuAge.xlt, written by T. Andersen) for interactive selection of isotopically homogeneous integration intervals, background correction, calibration to standards and calculation of ages. To minimise laserinduced fractionation of U from Pb, we followed Jackson et al. (2004) in combining data for isotopically homogeneous intervals of the time-resolved signal of an unknown with the corresponding time (=depth) intervals on the standards, assuming similar ablation rates for standards and unknowns. U isotope ratios were plotted as traces of observed voltage and voltage ratios against ablation time, these allowing homogeneous parts of the run to be interactively selected for integration. Isotopically homogeneous segments of the timeresolved traces were calibrated against the corresponding time interval for each mass in the reference zircon. The raw data from the calibration standards were fitted to a relationship
where y is the true isotope ratio; x is the observed ratio for the relevant depth interval; t is time since the first standard analysis in a series; and a, b and c are coefficients determined by the built-in regression algorithms of Microsoft Excel 2003. The non-linear, 3D calibration curve was used to compensate for an observed deviation from linearity of the ion counters at high counting rates. Two reference samples were used as calibration standards. Observed errors in background and signal for reference zircon and unknown, and the uncertainty of the published standard composition were propagated through, using normal error propagation formulas (e.g. Taylor Pb (2 SD, Isoplot 4.0; Ludwig 2003) was used to plot probability density plots and identify distinct age fractions which can be present in one sample. In case these distinct age fractions were identified, grains belonging to each of them were discriminated. Subsequently, concordia diagrams were plotted to calculate concordia ages for each of the age fractions.
Results
Zircons from eight samples were analysed. Additionally, the Temora-2 (TIMS-ID U-Pb age: 416.8±1.3 Ma; Black et al. 2004 ) reference zircon was run as an unknown. The most relevant results are included in ESM Table 3 , with a summary of obtained U/Pb ages compiled in ESM Table 1 . Samples R14, C6, MD2-106 and CP2-366 contain a mixture of zircons with different, yet Variscan, ages. Figure 8 displays three concordia diagrams that yield concordia ages (Ludwig 1998 ) of 359±3, 366±1 and 373±2 Ma, based on 4, 29 and 8 grains of sample R14 (a rhyodacite), respectively. Figure 9 displays three concordia diagrams that yield concordia ages of 359±1, 366±1 and 373±1 Ma, based on 8, 19 and 8 grains of sample C6 (a rhyodacite), respectively. Another rhyodacite (Fig. 10) , sample MD2-106, provided three grains that correspond to an age of 358±2 Ma , seven grains that correspond to an age of 365±2 Ma, three grains that correspond to an age of 373±2 Ma and finally, four grains that correspond to an age of 385±2 Ma. A rhyolite, sample CP2-366, yielded ages of 354±2, 361±1 Ma, 373±2 and 382±4 Ma, based on 6, 29, 7 and 2 zircon grains, respectively (Fig. 11) . For all these samples, the youngest age fraction is interpreted to be the emplacement age, with the older grains reflecting inherited components.
For samples R1, C3, MD13, and MD2-308 (rhyodacites) only one age fraction has been identified (Fig. 12) . In sample R1, 15 zircon grains yielded a concordia age of 364±2 Ma; in sample C3, 17 grains gave a concordia age of 364±2 Ma; in MD13, 8 grains provided a concordia age of 364±3 Ma, and finally in MD2-308, 14 grains provided a concordia age of 374±2 Ma. The identification of only one age fraction can be the result of the small number of zircon grains that were recovered and analysed for each sample. In this case, the obtained age can be either interpreted as the most recent age, inferred as the emplacement age, and inherited fractions that might be present could not have been recovered. Or, the obtained age can be of an inherited fraction and the youngest fraction, corresponding to the emplacement age, could not have been recovered. Therefore, these results need to be interpreted with caution. However, it seems most likely that, similar to the other rhyodacites, these four rocks were also emplaced at approximately 359 Ma. In this case, the identified age fractions would correspond only to inherited components.
Palynostratigraphic studies
Materials and methods
For palynology studies, a total of 212 samples of sedimentary rocks were collected, mostly from drill cores. Drill cores selected in this research include MD2 (17 samples), CP1 (15 samples), MT1 (36 samples), MT2 (17 samples), A6-1 (12 samples), CP2 (20 samples), NC16 (13 samples) and NC20 (9 samples). In addition, 73 samples from selected outcrops were also investigated. Simplified logs of the studied drill cores are presented in Fig. 13 .
The biostratigraphic research undertaken was based on palynomorphs. Standard palynological laboratory procedures were used in the extraction and concentration of the palynomorphs from the host sediments (Wood et al. 1996) . The slides were examined in transmitted light, using a BX40 Olympus microscope equipped with an Olympus C5050 digital camera. All samples, residues and slides are stored in the LNEG-LGM at S. Mamede Infesta, Portugal. The miospore biozonal scheme used follows the standard Western Europe Miospore Zonations (after Clayton et al. 1977; Streel et al. 1987; Higgs et al. 1988 , Clayton 1996 Pereira 1999; Pereira et al. 2007 ) and is presented in Fig. 14 , together with the ranges of selected miospore taxa recovered. Important stratigraphic taxa are illustrated in ESM Figs. 4 and 5. 
Results
This study showed that surface samples are very poor in terms of preservation of organic matter, rendering them useless for collecting stratigraphic information. Although some drill core samples were extremely pyritised, which does not contribute to the preservation of miospores and acritarchs, most samples provided organic matter in suitable conditions for the study of palynomorphs. These positive results are those that have been included in the simplified logs of Fig. 13 , their host units and formations being described from base to top. In Fig. 14, a chronostratigraphic chart for the Rosário-Neves Corvo antiform, is tentatively proposed, based on the palynostratigraphic data obtained coupled with our interpretation of the geologic relationship between the various units and their correlation with the sequence previously set at the Neves Corvo mine area ).
Phyllite-Quartzite Group
At the core of the Rosário-Neves Corvo antiform, the black shales of Phyllite-Quartzite Formation occurring in boreholes NC16, CP1, CP2 and NC20 provided moderately preserved miospore assemblages, of the LN Biozone, of upper Strunian age (uppermost Famennian; Streel et al. 2006) , characterised by the presence of abundant specimens of Apiculiretusispora sp., Auroraspora macra, Diducites sp., Indotriradites sp., Geminospora lemurata, Grandispora echinata, Knoxisporites literatus, Punctatisporites irrasus, Retispora lepidophyta, Retusotriletes incohatus, Rugospora flexuosa, Vallatisporites pusillites, and Vallatisporites verrucosus together with very rare specimens of the guide species Verrucosisporites niditus (ESM Fig. 4) . Prasinophytes of the genus Maranhites spp. and acritarchs are also common in the recovered assemblages, in particular the species Gorgonisphaeridium sp., Gorgonisphaeridium plerispinosum, Navifusa bacilla, Veryhachium sp., and Umbellasphaeridium saharicum (ESM Fig. 5 ). The latter is also a key species for the Strunian age. An interesting feature observed in these studied assemblages, in particular those recovered from boreholes NC16 and NC20, is the common presence of the species Aneurospora greggsii, Chelinospora sp., Cristatisporites triangulatus, Cymbosporites sp., Dictyotidium sp., Lophozonotriletes sp., Verrucosisporites bulliferus, Verrucosisporites premnus and Verrucosisporites scurrus. These species are interpreted as reworked material of Frasnian age. In other areas, mainly to the SW of the Cobres creek ( Fig. 1; samples X2-X6) , the Barrancão member is composed of laminated dark shales with siliceous lenses and nodules. These facies were sampled in an outcrop along the Barrancão creek. Four samples yielded a moderate preserved miospore assemblage, assigned to the VH Biozone of Famennian age (Fig. 14) . The assemblages contain Apiculiretusispora sp., G. echinata and Punctatisporites sp. and are dominated by specimens of Maranhites spp. These determinations confirm the setting of the Barrancão member as a new unit of the PQG.
Lower volcanic sedimentary complex
The black to grey shales intercalated in the volcaniclastic rocks belonging to the Neves Formation (see boreholes A6-1 and MD2), provided moderately to poorly preserved miospore assemblages, assigned to the LN Biozone, of upper Strunian age. Specimens of Punctatisporites sp., R. lepidophyta, Retusotriletes sp., R. flexuosa, Vallatisporites sp. and V. verrucosus are present in the assemblages. Maranhites spp. and rare acritarchs are also part of these assemblages.
Upper volcanic sedimentary complex
In the upper VSC units, only two units allowed biostratigraphic results, the Grandaços Formation and the Godinho Formation. The Grandaços Formation provided very preliminary biostratigraphic information in the study area. Data from outcrop samples R3 and R4 (Fig. 1 ) register a poor determination of miospores. In this section, the Grandaços Formation is in direct contact with the Mértola Formation. Samples at 349.5 and 342.0 m from borehole MD2 provided a poorly preserved miospore assemblage of lower upper Visean age, based on the presence of rare specimens of Lycospora sp. and Densosporites sp. In the Neves Corvo mine region, this unit was dated as lower Visean Pereira et al. 2008) , whereas the Godinho Formation shales yielded miospores ascribed to the NM Biozone, indicating a lower upper Visean age. The shales and greywackes of the Mértola Formation were sampled in borehole MT1 providing miospores species assigned to the NM Biozone, indicating a lower upper Visean age. This unit is correlative to the Mt1 beds of the Neves Corvo mine Fig. 14) .
Discussion
The isotope geochronology study indicates that in the Rosário area there were, at least, five discrete magmatic events, at approximately 354, 359, 365, 373 and 384 Ma. The rhyolite surrounded by Strunian (360.7 ± 2.7 Ma; Kaufmann 2006) sedimentary rocks was emplaced at ∼354 Ma and is interpreted to be locally intrusive, confirming the results of the physical volcanology study. The rhyodacites are mostly extrusive and were emplaced at approximately 359 Ma, but possibly also at ∼365 and ∼373 Ma. While these two latter events may or may not have been expressed by the emplacement of dated volcanic rocks, the oldest event (at ∼384 Ma) was certainly not. It is possible that these older magma batches were emplaced at deeper levels and therefore the equivalent volcanic rocks have not been sampled. In any case, these results are noteworthy in the sense that, unlike what has been generally reported to date in other areas of the Iberian Pyrite Belt (Rosa et al. 2009 ); the studied volcanic rocks register the successive melting of pre-existing, but still Variscan, volcanic rocks, as indicated by the significant fraction of inherited zircon grains. This suggests that, in addition to a relatively high heat flow, as is interpreted from the geochemical signature, this heat flow remained for a significant time. Therefore, at least locally, the volcanic activity must have extended for about 30 Ma, which would have favoured vigorous and long-lasting hydrothermal activity, favourable to the formation of massive sulphide deposits. Also, this volcanism was active during the Strunian, which has been repeatedly noticed as a favourable time horizon for VHMS mineralization in the IPB (Matos et al. 2011) . Furthermore, the focussed discharge of large volumes of ore-forming fluids into a deep and quiet basin with anoxic conditions, as documented by its sedimentary record (shales rich in organic matter), is also auspicious for VHMS mineralization. However, despite this set of favourable conditions, massive sulphide mineralization, as present in the Neves Corvo mine, is still to be recognised in the Rosário area. Both the Neves Corvo and Rosário volcanic centres have characteristics of lava-cryptodome-pumice cone volcanoes, which are a typical volcano type of the IPB (Rosa et al. 2010) . Nevertheless, the results of this investigation provide plausible reasons for the contrasting resource endowment between these two volcanic centres. The absence of proximal facies of significant hydrothermal systems indicated by the mineral assemblages and the geochemical signatures identified in the volcanic rocks studied can be the result of obliteration of the upper part of the volcanic edifice as recorded by an important hiatus in the local stratigraphic succession. At the road cut north of Rosário village, the top contact of the rhyodacitic unit (tentatively dated at 364±2 Masample R1) consists of a breccia with sedimentary matrix (Fig. 15) , in which sediment fills the spaces between clast-supported breccia (Rosa et al. 2013) . The sedimentary component of the breccia consists of siliceous shales with Chert nodules, and is in lateral continuity with outcrops of the Grandaços Formation that yielded a spore assemblage of lower upper Visean age (∼340 Ma). Therefore, there is a hiatus of ∼24 Ma between the emplacement of the volcanic rocks and shale sedimentation. Even if the tentative date of the rhyodacitic unit is considered to be ∼359 Ma, as discussed above, the stratigraphic hiatus corresponds to a ∼19 Ma time span. In any case, this time gap is indicative of the erosion of the upper part of the volcanic edifice and, consequently, of any possible massive sulphide mineralization that might have formed. This is further confirmed by abundant volcanic textures that are indicative of coherent facies occurring in the inner part of lavas and domes. This set of evidence is in accordance with the biostratigraphic results obtained for the Neves Corvo mine . Another possible reason for the lack of massive sulphide mineralization in the Rosário area (exception, stockwork mineralization in Algaré; see Fig. 1 ) is the absence of a thick and continuous pyroclastic substrate, overlain by rhyolitic lavas and black shales of Strunian age as identified at the Neves Corvo mine (Rosa et al. 2008 (Rosa et al. , 2010 . This permeable pyroclastic substrate might have been a critical factor in favouring hydrothermal circulation and, ultimately, ore formation associated to the Neves Corvo volcanic centre (Rosa et al. 2008) . Absolute ages following Korn and Kaufmann (2009) for the Tournaisian and Visean (Carboniferous) and Kaufmann (2006) for the Devonian
Concluding remarks
The structure of the Rosário-Neves Corvo antiform is complex, resulting from the thin-skinned tectonic style typical of the IPB and of late Variscan fragile segmentation. The VSC is made up of a lower and an upper sequence. The lower sequence, from oldest to youngest, consists of mafic and felsic volcanic rocks, and the Neves Formation of upper Strunian age. The upper volcanic sequence comprises from oldest to youngest, the Ribeira de Cobres Formation, the Grandaços Formation, the "Xistos Borra de Vinho" Formation with jaspers, the Godinho Formation and the Brancanes Formation. The Grandaços Formation was tentatively dated as mid-upper Visean, and the Godinho and Mértola Formations were dated as mid upper Visean. Two new lithostratigraphic units are suggested: the Barrancão member (from PQG) of upper Famennian age, consisting of laminated dark shales with siliceous lenses and nodules, and the Ribeira de Cobres Formation (from VSC), characterised by shales, siltstones and fine-grained volcaniclastic rocks. The latter formation is considered as a possible lateral equivalent to the Graça Formation hosting a felsic volcanic unit not identified in outcrops in the Rosário area, but only recognised in drill core at the Neves Corvo mine ). The geochemical and geochronological results obtained in this study indicate that a long lasting (∼30 Ma) and large volcanic system operated in the Rosário area. Such a system was the key stone for starting and maintaining the circulation of mineralising fluids, possibly leading to the formation of VHMS deposits and associated hydrothermal alteration haloes, of which the neighbouring Neves Corvo deposit is a representative. This important hydrothermal system would have been active during the Strunian, a favourable geological time for ore formation in the IPB, coeval with sedimentation in a quiet and anoxic environment, attested by black shale deposition. Also, similar to what happens at Neves Corvo, the study area corresponds to a proximal setting to an effusive volcanic centre.
However, no evidence for hydrothermal alteration indicative of close proximity to massive sulphide mineralization has been found in the study area. Rather, only hydrothermal alteration typical of distal settings has been identified and only small pyrite disseminations were found. One possibility is that this may reflect the lack of explosive volcanic activity sourcing thick and continuous pyroclastic units below the felsic flows, a factor that is envisaged as having played an important role in the formation of the Neves Corvo massive sulphide ores. Furthermore, the age constraints and volcanic facies analysis addressed in this study indicate a significant stratigraphic hiatus between the volcanic units and the immediately overlying sediments of the Grandaços Formation, implying significant erosion of the top of the volcanic centre, which would have obliterated any possible massive sulphide mineralization from the geological record. This hiatus extends over the entire Tournaisian and the base of the Visean. Nevertheless, good potential for VHMS mineralization exists in marginal or lateral areas of the Rosário volcanic centre. Those areas have potential to host massive sulphide mineralization at depth, and are worth being tested through drilling.
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